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Abstract 
During operation, materials or engineering components are subjected to variable amplitude loading (service loadings), which 
influences the life time considerably. After chemical, morphological and mechanical characterization of nodular cast iron, 
systematic investigations of the fatigue crack growth behavior were studied under constant and variable amplitude loading. The 
results under constant amplitude loadings can be described well by the FORMAN/METTU equation (also known as NASGRO 
equation), whereby the fatigue crack growth behavior exhibits a dependence on the graphite microstructure. Under variable 
amplitude loading the experiments show that overloads with various overload ratios always exhibit acceleration effects. These 
acceleration effects affect the accuracy of life time predictions significantly. Hence, the calculation of the remaining service life 
based on different usual life time prediction models yields non-conservative results. Therefore, an extended strip yield model is
applied, which is able to predict the observed crack growth acceleration after overloads. Finally the numerical results are 
compared with experiments. 
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1. Introduction 
Ductile cast iron has achieved as a result of its continuous development over many years a level of reliability to 
justify its increasingly application for highly stressed structures and components. So the enhancement of 
increasingly powerful wind power plants leads to an increasing use of ductile cast iron. The presence of a crack can 
significantly reduce the strength of an engineering component due to brittle fracture. During the operating time, 
these structural components are subjected to variable amplitude loading, which influences the life time considerably. 
For many fatigue critical parts, fatigue crack propagation under service loadings normally involves random or 
variable amplitude loading, rather than constant amplitude loading conditions. Whereas crack growth under constant 
amplitude loading is only controlled by the momentary loading parameters 'K and R, the fatigue crack growth under 
variable amplitude loading depends furthermore on the load history. Depending on the material, clear acceleration 
and/or retardation effects in fatigue crack growth can occur as a result of these load variations. The amount of these 
retardation or acceleration effects depends on several factors, for example overload ratio, baseline level loading or 
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the number of overload cycles [12]. Load history effects are therefore a major factor in determining the fatigue life. 
To quantify load history effects, crack growth tests on EN-GJS-400-18LT were carried out under constant and 
variable amplitude loading. The investigations under variable amplitude loadings involve overloads, block loading 
and a standardized fatigue load sequence WISPERX, which is a reference spectrum for wind turbines [1]. 
The calculation of the remaining service life of components made of ductile cast iron based on different usual life 
time prediction models yields non-conservative results. Therefore, a modified strip yield model is presented, which 
is able to predict the microstructure specific crack growth acceleration effects in nodular cast iron after overloads 
and the numerical results are compared with experiments. 
Nomenclature 
a  crack length 
A5  elongation at fracture 
da/dN   fatigue crack growth rate 
dG  mean diameter of the graphite particles 
f0  graphite shape factor 
Fmin  minimal force 
Fmax  maximum force 
'F  cyclic force 
KIc  fracture toughness 
'K  cyclic stress intensity factor 
'K0  threshold value for R=0
'Kop  crack opening stress intensity factor 
'Kmax  maximum stress intensity factor 
'K th  threshold value 
'Kfc  critical stress intensity factor 
CFM, n, p, q parameters of the FORMAN/METTU equation 
N  number of cycles 
R  stress ratio 
ROL  overload ratio 
RBlock  block loading ratio 
Rm  ultimate tensile strength 
Rp0.2  0.2 % proof strength 
RMS  root-mean-square 
O  distance between the graphite particles 
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2. Material characterization and experimental details 
The material used for this study was a ductile cast iron EN-GJS-400-18LT (European norm) with a ferritic matrix 
and spherical graphite. In order to investigate the influence of the cast iron microstructure on fatigue crack growth, 
two different adjusted graphite spherical sizes were made. The cast test material was produced from one slap by 
using different cooling rates to adjust definite graphite sizes. Higher cooling rate leads to finer spherical graphite 
size (called G10, see Fig. 1a) using a chill-mould. Lower cooling rate leads to larger spherical graphite size (called 
G50, see Fig. 1b) by means of sand mould. The chemical composition and the mechanical properties are shown in 
Tables 1 and 2, respectively. 
Table 1. Chemical composition of the investigated nodular cast iron EN-GJS-400-18LT 
Chemical element C Si Mn P S Mg 
% weight 3.58 2.08 0.13 0.019 0.004 0.046
a)  b) 
Fig. 1. Investigated material EN-GJS-400-18LT: a) material specification G10; b) material specification G50 
Table 2. Mechanical properties at room temperature and graphite morphology of material specifications G10 and G50 
material Rm [MPa] Rp0.2 [MPa] A5 [%] E [GPa] dG [μm] O [μm] f0 [-] 
Na [mm-
2]
G10 388 247 23.5 176 13 21 0.75 902 
G50 374 242 22.9 179 41 58 0.53 124 
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Fig
ere f0=1. This factor is also an indication of the internal notch effect. Table 2 also 
su
th 
spersing of an overload every 1000 cycles with various tensile overload ratios (ROL=1.25…2.25) into a 
constant baseline level loading with a stress ratio of R=0.5. Overload ratio during a single overload is defined 
by  
. 2. Test setup for fatigue crack growth experiments under variable amplitude loading 
The difference between the mechanical properties of both material specifications is low. The graphite 
morphology of both test materials was statistically evaluated by quantitative structural analysis. Stroppe et al. [2] 
[11] found that the mean distance O between the graphite particles and the shape factor f0 influence the fracture 
behavior of cast iron with a ferritic matrix. The deviation from the spherical size is described by the shape factor, 
which is for an ideal sph
mmarises the graphite morphology data of both material specifications. Consequently, G10 has lower internal 
notch stresses than G50.  
Fatigue tests were conducted for SENB3 (three-point single edge notch bend) specimens with a thickness of 10 
mm, a width of 20 mm and a length of 100 mm. The machined starter notch was 3 mm. Crack growth experiments 
under constant amplitude loading were carried out at constant stress ratios of R=0.1, 0.3 and 0.5 according to ASTM 
E 647-08 [3] using a resonant testing machine RUMUL. The well-known compliance method was used to determine 
the crack length. The investigations of the influence of load history effects under variable amplitude loading were 
carried out using a servo-hydraulic testing machine MTS under load controlled conditions. Here, the crack leng
was measured by using crack length foils on both surfaces of the samples. The experimental setup for variable 
amplitude testing is shown in Fig. 2. Fatigue crack propagation under variable amplitude loading was realized by 
x Inter
maxBL,
OL F
OLFR  (1) 
where FOL is the maximum force during the overload and FBL,max is the maximum force of the baseline level 
quence low-high-low with various block loading ratios (RBlock=1.25…2.0), in which 5000 
block cycles of high load were interspersed into a 15000 cycles baseline level loading of R=0.5. Block loading 
ratio is given by 
loading. 
x Block loading se
maxBL,
Block F
BlockFR  (2) 
where FBlock is the maximum force during high block loading and FBL,max is the maximum force of the low 
baseline level loading. 
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x
3. Results and discussion 
.1. Fatigue crack growth behavior under constant amplitude loading 
Standardized fatigue load sequence WISPERX, which was applied with a static offset force such that the 
SENB3 specimen was continuously loaded. 
3
Engineering analysis of crack growth is often required and can be done with the stress intensity concept K,
whereas K depends on the combination of current crack length, loading and geometry. The fatigue crack growth rate 
is controlled by K. The rate of crack growth with cycles can be characterized by the derivative da/dN, (this is the 
slope at a point on an a versus N curve). Under constant amplitude loading, the primary variable affecting the crack 
growth rate is the range of the stress intensity factor given by the following equation:  
YaK ' ' SV (3) 
where 'V is the stress range and Y depends only on the geometry and the relative crack length a/W. The crack 
growth behavior can be described by the relationship between the crack growth rate da/dN and the stress intensity 
range 'K. The test data for both material specifications are shown on a log-log plot in Fig. 3. 
Region II of the cyclic crack growth curve (straight line on the log-log plot with a medium crack growth rate) can 
e described by the Paris-Erdogan equation (Paris law) as follows: 
(4) 
where C is a material constant and m is the slop on the log-log plot. At low crack growth rates (region I of the cyclic 
crack growth curves), the curve becomes steep and appears to approach a vertical asymptote denoted 'K th, for 
which the corresponding da/dN approaches zero. This value is called the fatigue crack growth threshold and can be 
interpreted as a lower limiting value of 'K below which crack growth does regularly not occur. It is defined as being 
the value of '. corresponding to a crack growth rate equal to 10-7 mm/cycle [3]. At high crack growth rates (region 
III of the cyclic crack growth curves), the curve again become steep, due to rapid crack growth just prior to final 
failure. In this case the curve approaches an asymptote corresponding to Kmax=KIc for a small plastic zone. The well-
known influence of the stress ratio on the fatigue crack wth for both investigated materials can be seen in . 3, 
too. With an increasing stress ratio the threshold value decreases. This observed effect of stress ratio is commonly 
al stress intensity factor 
decreases. The fracture mechanics properties for fatigue crack growth of G10 and G50 are given in Table 3, 
onsidering the three values of R=0.1, 0.3, 0.5. These fracture mechanics properties are average values of three 
samples [4]. 
b
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Fig. 3. Cyclic crack propagation curves of material specifications G10 (a) and G50 (b) at different stress ratios R
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Fig. 4. A comparison of the cyclic crack propagation curves of G10 and G50 at R=0.3 
Furthermore, the results for R=0.3 in Table 3 and Fig. 4 illustrate that the fatigue crack growth behavior exhibits 
a dependence on the graphite microstructure. With increasing spherical size, a higher threshold value 'K th and a 
sly been shown in other studies 
and was plausibly explained [5] [6] [11]. The fatigue crack growth data can be described well by the FORMAN/ 
METTU equatio o known as N ion), as en in Fig. 3 and Fig. 4  is an extended 
Paris law taking into account ree regio the crack growth curve dence on the stress ratio R.
 (5) 
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Table 3. Fracture mechanics parameters for fatigue crack growth of material specifications G10 and G50 
material R th  [MPa¥m] m C fc  [MPa¥m]
0.1 10.1 6.0 5.1E-12 31 
0.3 8.1 5.0 1.5E-10 22 G10
0.5 5.1 5.0 2.8E-10 17 
0.1 10.2 6.1 3.3E-12 28 
0.3 8.5 5.0 2.0E-10 25 G50
0.5 5.5 4.6 3.1E-10 17 
Table 4. Parameters of the NASGRO equation 
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material '. th[MPa¥m] . Ic [MPa¥m] CFM n p q C th+ 
G10 10.1 33.2 3.1E-09 3.8 0.4 0.4 2.6 
G50 10.5 33.7 3.0E-09 3.8 0.5 0.5 2.4 
3.2. Fatigue crack growth behavior under variable amplitude loading 
In the following, selected results from the extensive studies under variable amplitude loading on nodular cast iron 
are presented. Fig. 5 shows the results obtained from one 1.5-fold tensile overload in the Paris regime for both 
material specifications in a plot of the fatigue crack growth rate versus number of cycles. It can be seen that no 
fatigue crack growth retardation occurs if the baseline loading returns. The crack growth rate shortly increased up to 
about 10-3 mm/cycle for G10, about 5*10-4 mm/cycle for G50 and then returned to the previous crack growth rate 
level. As a result of the 1.5-fold tensile overload the cr  require about 440 cycles for G10 and about 150 cycles 
for G50 to level off to their previous crack growth rates. For all investigated overload ratios both material 
Fig. 6 a) shows the crack growth rate da/dN for two block load sequences (low-high-low) with block loading 
tios 1.25 and 1.5 for G10, whereby the higher block loading ratio leads to higher crack growth rates. The low-high 
quence results in both cases in a rise in the crack growth rate before the crack growth rate adjusts itself to the high 
block loading level in terms of a higher stress. The same applies to material G50 depicted in Fig. 6 b). The transition 
from the high to the low sequence does not lead to crack growth retardation for all investigated block load ratios and 
both material specifications.  
acks
specifications always showed acceleration effects in fatigue crack growth.  
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Fig. 5. Effect of one 1.5-fold tensile overload on the fatigue crack growth rate da/dN for G10 a) and G50 b) 
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Fig. 6. a) Crack length a and fatigue crack growth rate da/dN versus life cycles N for two block loadings for material specification G10 and b) 
fatigue crack growth rate da/dN versus cycles N for one block loading for material specification G50 
In a previous study [5] scanning electron microscopy was applied to investigat age behavior during 
crack propagation in nodular cast iron under variable amplitude loading conditions. It was shown that overloads lead 
to debonding of the nodular graphite from the ferritic matrix and also microcrack initiation was observed on the 
specimen surfaces in a region ahead of the crack tip. This damage behavior can lead to crack growth acceleration 
effects.
Due to the increasing use of ductile cast iron in wind energy plants, the standardized load spectrum WISPERX 
[1] was chosen for the experimental investigations of fatigue crack growth under service loading. WISPERX is a 
shortened WISPER sequence. WISPER is designed for the investigation of wind turbine blades and consists of 
about 130 000 cycles corresponding to a one year sequence. The mentioned spectrum was scaled for the 
experiments. WISPERX was generated in such a way that during the whole sequence the maximum force of 6.0 kN 
was not exceeded. Furthermore, all negative loads of these spectra were replaced by 0.3 kN. A global analyze model 
[12] was used to determine for WISPERX the following root-means-square values: Fmin,RMS=3.089 kN, 
Fmax,RMS=4.808 kN and 'FRMS=1.719 kN. The global analysis models are based on the statistical description of the 
load spectrums. The aim of these models is to compute only one cyclic force or cyclic stress intensity factor from 
the whole load spectrum, which can be used to characterize the fatigue crack gro  adequately. A test under 
constant amplitude loading with the root-mean-square val es was realized in order to compare these results with the 
results from the load sequence WISPERX in a crack lengt us cycle plot, see Fig. 7 a). In this paper the test with 
e the dam
wth
u
h vers
the root-mean-square value is called “RMS-test” and performed under constant loading conditions. As a result of 
these investigations it could be shown that the material specification G50 always exhibits a higher fatigue life than 
1564 T. Mottitschka et al. / Procedia Engineering 2 (2010) 1557–1567
Mottitschka et al. / Procedia Engineering 00 (2010) 000–000 9
SPERX leads to a lower fatigue life in 
comparison to the RMS-test. Fig. 7 b) compares the cyclic crack propagation curves for both RMS-tests. It can be 
se
the material specification G10 at the same stress. Furthermore, WI
en that from a value of 'K=10 MPam1/2 G10 has a higher fatigue crack growth rate than G50. 
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Fig. 7. a) Comparison of crack length versus cycles for G10 and G50 of load sequence WISPERX and RMS-test; b) cyclic crack growth curve for 
RMS-test
4. Numerical simulation with an extended Strip Yield Model (SYM) 
Today, the strip yield model is well accepted for the calculation of fatigue crack growth under variable amplitude 
lading. The basic research was done by Newman [8]. He extended the Dugdale model by elastic perfectly plastic bar 
elements in order to leave plastic deformations on the crack paths. In order to be able to simulate the occurring 
acceleration effects in nodular cast iron, the normal SYM was extended  an additional boundary condition for the 
plastic deformation L i of the bar elements within the plastic zone. If a critical value L i* is reached, the corresponding 
nd compressive 
stresses any more. 
 (6) 
by
element is separated at once and the crack advances. The element is not able to carry any tensile a
00,0   iii VVV0:
* !t iii LL V
The extended SYM is implemented as an additional boundary condition. Using approximate weight functions [9] 
the extended SYM can be applied for arbitrary 2-dimensional crack configurations including standard test specimens 
like SENB3. The extended SYM was calibrated on constant amplitude test data (see section 3.1.). In order to 
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al test results with 
the
analyze the critical plastic strain, fatigue crack growth calculations with the extended SYM for a 1.5-fold tensile 
overload were compared with the experimental data. Fig. 8 shows the comparison of the numeric
 test data. The numerical result is plotted for a critical plastic strain of L i*=0.002 and a constraint factor of D=2.5
(L i* and Dare model parameters). It can be confirmed that the extended SYM is able to reproduce tensile overload 
effects. The application of the model for service loadings (WISPERX) requires further evaluation of experiments. 
Tests with the standardized load sequence WISPERX and the corresponding adjustment of the extended SYM are 
currently in progress [10]. 
Fig. 8. Comparison of crack length a versus load cycles N between experiment and simulation for a 1.5-fold tensile overload 
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5. Summary and conclusion 
During operating time engineering components are subjected to variable amplitude loading (service loadings), 
which influences the life time. Therefore, fracture mechanics assessment of fatigue crack growth behavior under 
variable amplitude loading and the study of load history effects play an important role in many areas of application 
of ductile cast iron particularly in the case of components made for wind turbines. The necessary high reliability of 
engineering components requires the definition of inspection intervals and tolerable defect sizes.  
Within the scope of this work, systematic investigations of different loading situations were carried out by means 
of experimental and numerical studies in order to characterize the fatigue crack growth behavior of nodular cast 
iron. The fatigue crack growth behavior under constant amplitude loading can be described well by the NASGRO 
equation, whereby the fatigue crack growth exhibits a dependence on the graphite microstructure. The experimental 
investigations under variable amplitude loading always show acceleration effects in fatigue crack growth and no 
retardation effects have been obtained. Such acceleration effects affect the accuracy of life time predictions 
significantly. Hence, usual life prediction models can not be used for cast iron. Therefore, an extended strip yield 
model was applied, which is able to simulate crack growth acceleration in nodular cast iron. 
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